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Isostructural metal-insulator
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J. W. Spinuzzi9, D. A. Tenne9, E. Y. Tsymbal8, M. S. Rzchowski5, L. Q. Chen3,
J. Lee2†, C. B. Eom1†

U

nderstanding metal-insulator transitions
in strongly correlated materials is one of
the major challenges in condensed matter
physics (1–5), with implications for both
fundamental science and technology (6, 7).
Correlated materials exhibit strong coupling between charge, spin, and lattice degrees of freedom, so that the metal-insulator transition is
almost always accompanied by an associated
structural phase transition. This coexistence obscures the underlying physics, making it difficult
to disentangle the different intrinsic interactions
controlling the metal-insulator transition. Furthermore, the structural transition generally
limits the ultimate switching speed (8, 9) and
endurance (6, 10) of ultrafast electronic devices
(6, 7, 11) based on the metal-insulator transition
in these correlated materials. Achieving an isostructural metal-insulator transition is thus of
great interest.
As a model system for this study, we chose the
archetypal correlated material vanadium dioxide (VO2) (12–27). VO2 is metallic at high tem1
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peratures and becomes insulating near room
temperature (341 K in bulk) (12); the metalinsulator transition is accompanied by a structural phase transition from the high-temperature
rutile structure to the low-temperature monoclinic structure via the formation of V-V dimers
along the c axis. There has been extensive debate over whether the primary mechanism
of the metal-insulator transition in VO2 is an
electron-lattice interaction (Peierls transition)
(13) or an electron-electron interaction (Mott
transition) (14), and it is now accepted that
both Peierls and Mott physics are important
(15, 16). In particular, recent ultrafast photoexcitation experiments (21, 22) have revealed
the presence of a nonequilibrium metallic monoclinic state in addition to the known bulk equilibrium phases (i.e., insulating monoclinic and
metallic rutile phases). This metallic transition
in photoexcited monoclinic VO2 could originate
from the dynamically screened Coulomb interaction (22), assisted by an electronically onedimensional characteristic of V-V dimers (27),
and suggests a route for an isostructural metalinsulator transition: If the metallic monoclinic
phase could be stabilized, rather than just being
transient, we could achieve an isostructural metallic transition in insulating monoclinic VO2.
To this end, we considered a nanoscale bilayer consisting of two VO2 layers with different
transition temperatures (T1 and T2 in Fig. 1A).
In this bilayer, a rutile/monoclinic heterostructure can occur at intermediate temperatures
between T1 and T2, in which interval the desired
metallic monoclinic phase might be stabilized
(e.g., via a collective carrier delocalization) (19).
To experimentally realize such a bilayer, we needed
to achieve control over the transition temperature in a VO2 layer; to do that, we used an intrinsic point defect (i.e., oxygen vacancy) (28)
and the resulting electron doping. Introducing
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Fig. 1. Design of an artificial VO2−d/VO2 bilayer.
(A) Electrical resistivity measured as a function
of temperature of 8-nm-thick epitaxial VO2
and VO2−d single-layer films on (001) TiO2 substrates. The oxygen vacancy concentration d is
roughly estimated as d ~ 0.01 (fig. S3). (B) HAADFand LAADF-STEM images of the VO2−d/VO2
bilayer (inset) projected along [100]. Yellow lines
show the average line profile of the HAADF
(left) and LAADF (right) image intensities. White
dashed lines represent a nominal interface
between VO2 and VO2−d.

1 of 4

Downloaded from http://science.sciencemag.org/ on November 29, 2018

The metal-insulator transition in correlated materials is usually coupled to a symmetrylowering structural phase transition. This coupling not only complicates the understanding
of the basic mechanism of this phenomenon but also limits the speed and endurance of
prospective electronic devices. We demonstrate an isostructural, purely electronically
driven metal-insulator transition in epitaxial heterostructures of an archetypal correlated
material, vanadium dioxide. A combination of thin-film synthesis, structural and electrical
characterizations, and theoretical modeling reveals that an interface interaction
suppresses the electronic correlations without changing the crystal structure in this
otherwise correlated insulator. This interaction stabilizes a nonequilibrium metallic phase and
leads to an isostructural metal-insulator transition. This discovery will provide insights into
phase transitions of correlated materials and may aid the design of device functionalities.

a minute amount of oxygen vacancies can lower
the transition temperature of VO2 without compromising the sharp metal-insulator transition
(29). By changing the oxygen partial pressure during film growth (figs. S1 to S4) (30), we prepared
an artificial bilayer (Fig. 1B, inset), fully coherent on TiO2 (001) substrate, consisting of slightly oxygen-deficient VO2–d and stoichiometric VO2
layers. The individual 8-nm-thick VO2–d and VO2
layers have transition temperatures of T1 ~ 279 K
and T2 ~ 287 K, respectively (Fig. 1A).
To visualize the oxygen vacancy profile in the
bilayer, we carried out atomic-scale imaging using
scanning transmission electron microscopy (STEM)
(30). In STEM, the low-angle annular dark field
(LAADF) image is very sensitive to the strain fields
from oxygen vacancies (28), whereas the highangle annular dark field (HAADF) image is dominated by the (high-Z) cation sites (Fig. 1B). The
HAADF image shows little intensity change across
the VO2–d/VO2 interface (denoted by the white
dashed line). In contrast, the LAADF image displays a noticeable, abrupt intensity change across
the VO2–d/VO2 interface, emphasizing the oxygen
deficiency in the VO2–d layer. Our results show
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that introducing a small amount of oxygen vacancies, rather than extrinsic dopants, creates a
chemically sharp interface with a sub–1-nm width
(fig. S5) and leads to a quasi-homogeneous, singlecrystalline character of the bilayer. Electron energy loss spectroscopy (EELS) measurements (fig.
S6) independently quantified the oxygen vacancy
difference between the layers. Considering this
nanoengineered oxygen vacancy profile, we expect two distinct transition temperatures in the
top VO2–d and bottom VO2 layers.
Using Raman spectroscopy (30), we monitored
the structural phase transition in the VO2–d/VO2
bilayer (Fig. 2, A and B). With decreasing temperature, several noticeable Raman peaks (e.g.,
w1, w2, and w3 peaks in Fig. 2A) arise suddenly
from the monoclinic distortions during the
structural transition (31, 32). Our quantitative
analysis (Fig. 2B) clearly shows the two-step

structural phase transition in the VO2–d/VO2 bilayer, contrary to the single-step transition in a
VO2 single layer. Using temperature-dependent
x-ray diffraction measurements (Fig. 2, C to E)
(30) and phase-field simulations (fig. S14), we
confirmed the two-step structural phase transition in the bilayer. This two-step structural phase
transition can be explained by two separate structural transitions: at T ~ 279 K for the top VO2–d
layer, and at T ~ 287 K for the bottom VO2 layer.
At intermediate temperatures between T ~ 279 K
and 287 K (Fig. 2, B and E, green), the top VO2–d
and bottom VO2 layers have rutile and monoclinic
structures, respectively, which together form the
desired rutile/monoclinic heterostructure (Fig.
2B, inset).
We explored the electronic phase transition in
the VO2–d/VO2 bilayer by measuring the electrical
resistivity (Fig. 3A) and carrier concentration
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Fig. 2. Structural phase transition in the VO2‒d/VO2 bilayer. (A) Raman spectra of VO2−d
(8 nm)/VO2 (8 nm) bilayer at various temperatures. Raman peaks from the monoclinic distortion are
denoted w1, w2, and w3; a.u., arbitrary units. (B) Relative monoclinic portion as a function of temperature, estimated from monoclinic Raman intensity in (A). Inset: Schematic of atomic structure
of VO2−d/VO2 bilayer at intermediate temperatures. (C) X-ray diffraction (XRD) (00L) scans of
VO2−d/VO2 bilayer, measured upon cooling. (D) Representative XRD peaks at several temperatures.
Red and blue vertical dashed lines indicate the XRD peak positions for rutile (L ~ 2.080) and
monoclinic (L ~ 2.072) phases, respectively. We fit the measured XRD data (open circles) with a
sum (gray curve) of two Gaussian curves with the peaks at L ~ 2.080 (red curve) and L ~ 2.072
(blue curve). (E) Relative monoclinic portion as a function of temperature, estimated from
XRD peak analysis in (D). Error bars denote SD of the fitted peak area. Insets show the measured
electron diffraction patterns of the bilayer at low and high temperatures.

(fig. S7). In stark contrast to the two-step structural transition, our bilayer showed a singlestep, collective metal-insulator transition at
T ~ 279 K. The electronic phase transition of the
bilayer looked nearly identical to that of a VO2–d
single layer (Fig. 3A, black dashed line), which
means that in the VO2–d/VO2 bilayer, the electronic phase (i.e., metallic or insulating) of the
VO2 layer collectively follows that of the VO2–d
layer. Notably, when an ultrathin (~2 nm) TiO2
layer was inserted between VO2–d and VO2, the
VO2–d/TiO2/VO2 system exhibited a two-step
metal-insulator transition (fig. S8). This confirms the intrinsic effect of the rutile/monoclinic
interface on the observed single-step, collective metal-insulator transition in the VO2–d/VO2
bilayer.
Taken together, our observations of the twostep structural and single-step electronic phase
transitions unambiguously confirm the emergence of a stable metallic monoclinic phase in
the VO2–d/VO2 bilayer. With the decrease in temperature, the bottom VO2 layer exhibited the
rutile-to-monoclinic structural transition at
T ~ 287 K (Fig. 3B), but the global metallicity of
the whole bilayer remained unchanged (Fig. 3A
and fig. S7). This is consistent with the explanation that, when interfaced with the metallic
rutile VO2–d layer, the bottom VO2 layer becomes a stable metallic monoclinic phase. This
interface-induced bulk carrier delocalization
(19) plays a decisive role in the single-step metalinsulator transition. Figure 3C shows little change
in the peak positions of w2 and w3, attributed to
the ionic motion of V-V dimers (23, 32), during
the metal-insulator transition at ~279 K. This directly illustrates the isostructural metal-insulator
transition without any crystalline structure change
at ~279 K in the bottom stoichiometric VO2 layer.
To further understand the emergence of isostructural metal-insulator transition, we carried
out theoretical modeling of the rutile/monoclinic
heterostructure. First, we performed non–spinpolarized density functional theory (DFT) calculations (30) with Hubbard U correction for properly
predicting the insulating monoclinic ground
state in bulk VO2 (33). The calculated density of
states of the heterostructure (Fig. 4A) manifested
the metallic nature in the monoclinic region (Fig.
4B and fig. S10), consistent with our experimental
observation (Fig. 3). Inside the monoclinic region, the electronic structure was strongly modified, resulting in noticeable band gap narrowing.
This was largely driven by hole doping of the
monoclinic region (fig. S12), stemming from the
different work functions of the rutile and monoclinic phases (34). Such a hole doping reduces
electronic correlations, causing a complete collapse of the band gap in monoclinic VO2 (22).
Simultaneously, from the DFT results, we infer
that the rutile/monoclinic heterostructure has
a very small interfacial energy (30), which may
also play a role in stabilizing the metallic monoclinic phase.
To explore the effects of electronic correlations and interfacial energy, we used a generalized
Landau thermodynamic approach implemented
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in phase-field modeling (30). The Landau potential incorporates two different order parameters: hS, describing the structural transition
[i.e., from rutile (hS = 0) to monoclinic (hS = 1)
phase], and hEC, describing the electronic correlations, which control the metal-insulator transition [i.e., from metal (hEC = 0) to insulator
(hEC = 1)]. We found only two bulk equilibrium
phases: the metallic rutile phase with little
electronic correlation (hS = hEC = 0) at high
temperatures, and the correlated insulating
monoclinic phase (hS = hEC = 1) at low temperatures (fig. S13). However, in addition to these
bulk equilibrium phases, we predict the presence of a nonequilibrium metallic monoclinic
phase with suppressed correlation (hS = 1 and
hEC = 0), as represented by the local minimum
in the energy landscape just below the transition temperature (Fig. 4C).
We then used phase-field modeling to investigate phase stabilities in the experimentally studied
rutile/monoclinic heterostructure. Figure 4D
shows the total energy of the rutile/monoclinic
Lee et al., Science 362, 1037–1040 (2018)

Fig. 4. Theoretical modeling of the metallic monoclinic VO2 phase. (A) The rutile/monoclinic
heterostructure used in the DFT calculation (30). V atoms are shown in two colors: orange for rutile
VO2 and blue for monoclinic VO2. (B) The calculated density of states of the local monoclinic region
[denoted by (a) in (A)] in the rutile/monoclinic heterostructure shows a metallic nature, distinct
from the insulating nature of the bulk monoclinic VO2 (blue). (C) Free energy landscape of bulk VO2
at 287 K, just below the transition temperature. (D) Total energies as a function of tm in the rutile/
monoclinic heterostructure. tc is estimated to be ~9.4 nm. (E and F) Stable states of the rutile/
monoclinic heterostructure for tm > tc (E) and tm < tc (F). The arrows represent the two-component
order parameter (hS, hEC); the color represents the norm (hS2 + hEC2)0.5.

heterostructure as a function of the thickness tm
of the monoclinic layer. The interfacial energy
between metallic rutile and metallic monoclinic
phases is naturally smaller than that between
metallic rutile and insulating monoclinic phases
in the phase-field model, owing to the homogeneous hEC in the former case (30). When tm is
below critical thickness tc, the interfacial energy
contribution dominates over the bulk energy
contribution, and as a result, the metallic monoclinic phase with suppressed correlation (i.e.,
hEC = 0) becomes energetically preferred and
stabilized (fig. S14). It is noteworthy that our
experimental and theoretical results have consistently demonstrated the isostructural metalinsulator transition in device-relevant thin-film
geometries of genuine VO2, without the necessity
of specific conditions, such as ultrafast photoexcitation (21, 22), high pressure (23), or suppression of structural distortion at the surface
(5, 25). Stabilizing the monoclinic structure
through our bilayer approach separates the
electronic and structural phase transitions, in
contrast to previous reports (35, 36).
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There has been a growing interest in nonequilibrium states in correlated materials (21, 22, 37),
because of the opportunity to discover exotic
physics not exhibited in equilibrium. Ultrafast
spectroscopies have been mainly used for exploring nonequilibrium states; our study paves
a way to stabilize and explore the nonequilibrium
phase (e.g., metallic monoclinic state in VO2) in
a controlled way. Because VO2 is a simple spin½ system with one d electron (38), it will be
intriguing to study the spin and orbital physics
in the stabilized metallic monoclinic phase. We
anticipate that our approach for artificial stabilization of nonequilibrium states will be generally applicable to correlated materials, so that a
variety of unconventional phenomena can be
designed through heterostructure engineering.
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Fig. 3. Isostructural metal-insulator transition in the VO2‒d/VO2 bilayer. (A) Electrical
resistivity versus temperature of VO2−d (8 nm)/
VO2 (8 nm) bilayer (solid line) and 8-nm-thick
VO2–d single layer (black dashed line), measured
upon cooling. Metallic and insulating phases
are represented by red and blue colors, respectively. (B) Monoclinic portion (from Fig. 2, B
and E) as a function of temperature. (C) Temperature dependence of monoclinic Raman shift
(i.e., w2 and w3 in Fig. 2A). Error bars denote
SD of the fitted Raman peak position. We fit the
measured Raman peak with a Gaussian curve.
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Separating structure and electrons in VO2
Above 341 kelvin−−not far from room temperature−−bulk vanadium dioxide (VO2) is a metal. But as soon as the
material is cooled below 341 kelvin, VO 2 turns into an insulator and, at the same time, changes its crystal structure from
rutile to monoclinic. Lee et al. studied the peculiar behavior of a heterostructure consisting of a layer of VO2 placed
underneath a layer of the same material that has a bit less oxygen. In the VO 2 layer, the structural transition occurred at
a higher temperature than the metal-insulator transition. In between those two temperatures, VO 2 was a metal with a
monoclinic structure−−a combination that does not occur in the absence of the adjoining oxygen-poor layer.
Science, this issue p. 1037

